Influence of Ti substitution on the electrical properties of metal-ferroelectric (BiFeO3)-insulator (HfO2)-silicon structures for nonvolatile memory applications J. Appl. Phys. 109, 091604 (2011) Co gamma irradiation in steps of three dose levels. Irradiation-induced degradation on electrical characteristics of the fabricated FeFETs was observed after 1 week annealing at room temperature. The possible irradiation-induced degradation mechanisms were discussed and simulated. All the irradiation experiment results indicated that the stability and reliability of the fabricated FeFETs for nonvolatile memory applications will become uncontrollable under strong irradiation dose and/or long irradiation time. V C 2014 AIP Publishing LLC. [http://dx
Impact of total ionizing dose irradiation on electrical property of ferroelectric-gate field-effect transistor
I. INTRODUCTION
Nonvolatile memories are extensively used in modern integrated circuits. Ferroelectric memories have good application prospects in computer, aerospace, and military industry because of many advantages such as low power consumption, high reading and writing speed, high endurance, non-volatility, and especially, radiation hardness/tolerance. 1-5 Ferroelectric memories can be classified into two categories: capacitor type ferroelectric random access memory (FeRAM) and ferroelectric-gate field-effect transistor (FET) (FeFET) NOT-AND flash memory (FeNAND). FeFET with a metalferroelectric-insulator-silicon (MFIS) structure has attracted considerable attention as promising high density and high speed nonvolatile memories due to their superior characteristics such as having a single device structure, a simple process flow, and a low power consumption. 6 The reported characteristic of radiation hardness may enable the ferroelectric memories to be used in the field of radiation environment. However, radiation hardness regarded as an important limiting factor should be comprehended carefully before use in the hostile radiation environment. To predict the space performances, the radiation response should be primarily studied from both experiment and theory. Recently, intensive experimental research has been performed to investigate the radiation effect of ferroelectric thin films. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For example, Menou et al. 8 had demonstrated that the electrical characteristics of Pt/SrBi 2 Ta 2 O 9 (SBT)/Pt ferroelectric capacitor changed significantly during or after irradiation. In their work, both "fatigue-like" (polarization reduction) and/or "imprint-like" (voltage shift) phenomena were observed. Then, Courtade et al. 10 showed that high dose of x rays can accelerate fatigue-like and/or imprint mechanisms that may perturb normal "written" or "writing" operations in memory. Later, Petrov et al. 13 indicated that a certain wavelength of ultraviolet radiation can induce significant leakage current in Ba 0.3 Sr 0.7 TiO 3 thin film capacitors. Fu's 15 experiments manifested that ferroelectric polymer films exposed to ultraviolet irradiation show degraded fatigue endurance. From these reports, we could know that most of their results are based on the ferroelectric thin film capacitors (electrode-film-electrode structure), and almost none of them refer to the actual FeFETs. In this paper, in order to fill in this gap, we investigated the impact of total ionizing dose (TID) effects on the MFIS FeFETs with 60 Co gamma radiation. Results from pre-and post-radiation characterization of the FeFETs will be presented.
II. EXPERIMENTAL RESULTS AND DISCUSSION
The structure of the as-manufactured MFIS FeFETs is shown in Fig. 1(a) , which is reported to have a good data retention characteristic and a large memory window. 18 In this paper, p-type channel MFIS FeFETs with a 300 nm thick SBT ferroelectric film and a 10 nm thick HfTaO layer on silicon substrate were fabricated and characterized first before radiation. Then, the FeFETs were radiated by 60 Co gammas to different dose levels. Irradiated FeFETs were characterized again after radiation at each dose level. Results of these characterizations, along with discussion on the total ionizing dose degradation mechanisms and TCAD simulation, will be presented in this paper. Fig. 1(a) shows the diagram of an as-fabricated p-channel MFIS FeFET. Details of the manufacture process were presented in our previous works in Refs. 6 and 18. For simplicity, we will only describe a few basic manufacture steps here. A p-channel MOSFET structure without the electrodes was first fabricated as the substrate using a conventional local oxidation of the silicon process. Their channel length L and width W of the p-channel MOSFET were 10 and 50 lm, respectively. A layer of HfTaO film of approximate 10 nm in thickness was first deposited as a buffer layer on the substrate. A SBT ferroelectric film was then deposited after the formation of a HfTaO buffer layer. Finally, the electrodes on ferroelectric film, and on source and drain (through via openings) were formed with the deposition of Pt of 80 nm thickness and photolithography. Fig. 1(b) shows the polarization-electric field (P-E) characteristic of the SBT film. Well-saturated hysteresis loops are found under various electric fields. A remanent polarization P r of 7 lC/cm 2 measured in a saturated hysteresis loop at 10 kHz under the 200 kV/cm external electric field is also observed, which is enough for the FeFET application.
Irradiations were performed in the Brookhaven National Laboratory
60
Co source in steps of three dose levels: 200 krad (Si) and 1 Mrad (Si) with a dose rate of 10 krad/h, and 10 Mrad (Si) with a dose rate of 60 krad/h. The devices were radiated under a static state that all the electrodes were floating. After the devices being radiated with their electrodes floating, a certain amount of room temperature (RT) annealing had to be expected. 19 A thorough annealing was performed at the end of the irradiation, lasting for 1 week at room temperature. All the electrical characteristics measurement of MFIS FeFET samples were performed by Agilent B1500A semiconductor parameter analyser (Agilent, USA) at room temperature. Shown in Fig. 2 (a) is the MFIS stack capacitance (average of ten MFIS capacitors) obtained as a function of gate voltage before and after exposure to three irradiation levels. The manufacturing process of MFIS stack structures were described in Ref. 6 . The results in Fig. 2(a) are obtained by sweeping the gate voltage from À4 V to 4 V using a ramp rate of 80 mV/s and a 100 mV AC signal at a frequency of 1 MHz. This gate voltage sweep will change the condition at the silicon surface from strong inversion to accumulation. An increase in oxide trapped charge (Q ot ) is manifested in the measurements through the negative shifts of the C-V curves. Little stretch-out observed in the C-V curves after irradiations is evidence of a slight increase in the interface trap charge (Q it ), which also shows that HfTaO has a high interface quality on silicon. It is noteworthy that the memory window of the MFIS capacitors has almost no changes after exposure to three irradiation levels, which confirms that the coercive field E c of the SBT ferroelectric film shows a high tolerance for gamma irradiation. However, we can see that the saturation capacitance of accumulation region decreases with the increasing irradiation dose levels. The main reasons for this can be that ionizing irradiation can cause (1) an increase in the electrode contact resistance 20 and (2) a decrease in the remnant polarization of ferroelectric film. see that the leakage currents do not show a large increase after exposure to three irradiation levels. The main reason is that the gamma total ionizing dose irradiation does not cause displacement damage in the bulk, but rather the oxide trapped charges and little increase (in our case) in interface states, which contributes little additional leakage current for the MFIS capacitors. The asymmetry of leakage current may be attributed to the different barrier heights. Fig. 2(c) shows the effect of different dose levels on the remnant polarization and leakage current density of the MFIS capacitors. The extractions are the average of ten measurements of ten MFIS capacitors. As mentioned above, the remnant polarization decreases with the increasing dose levels. When the dose accumulates to 10 Mrad, the remnant polarization decreases to 6 lC/cm 2 (decreases about 14.3%), the polarization loss could be attributed to the screening effects of trapped charges. Fig. 3 illustrates the typical transfer characteristic (drain current I ds versus gate voltage V gs ) of the fabricated MFIS FeFETs before and after irradiation. Here, an applied drain voltage V ds is fixed at À300 mV, while the V gs here is swept from þ4 to À4 V and then returned to þ4 V. From Fig. 3 , we can clearly see the negative shift in the transfer characteristic curves of FeFETs after irradiation even though all the samples are annealed at RT for 1 week. The primary cause of this shift could be attributed to positive oxide trapped charges and positive interface charges. Interface charges do not contribute additional capacitance since they cannot follow the high frequency AC signal. However, they can follow the slowly varying DC bias and can contribute additional gate charges. The memory window of transfer characteristic also decreases obviously when the irradiation dose increases. Noticeably, the drain-to-source leakage current increases after irradiation, especially at the dose of 10 Mrad. The main reason is that the buildup of irradiation-induced defects along the sidewall of the field oxide could bring the "leakage paths" between the drain and source. On the contrary, we can see that the on-state saturation current decreases with the increasing irradiation dose, this phenomenon could also be explained by the increase of the electrode contact resistance after irradiation. Fig. 4 shows the typical data retention characteristic of the fabricated MFIS FeFETs at RT before and after irradiation. It is noticed that the drain current was continuously monitored after applying a single 1-ls-wide write pulse to the gate terminal and the applied gate voltage V read was fixed at À1 V during the retention measurement. The expression of "on-state" and "off-state" represent the variation of the drain current after applying write pulses of À10 and þ10 V, respectively. Prior to radiation exposure, we observed that the reduction of the drain current on/off ratio was very small even after 10 5 s at RT and the drain current on/off ratio larger than 10 4 was obtained at 24 h after the write operation. Furthermore, a simple extrapolation of the currents implied that the data could be retained for a time period longer than 10 years (3 Â 10 8 s). However, after exposure to the increasing dose levels, both the retention time and on/off ratio of the fabricated FeFETs decrease. When the dose accumulates to 10 Mrad, the on/off ratio of FeFETs almost disappears due to the negative shift of memory window. In order to show a clear on/off ratio, we change the V read to À1.5 V during the retention time measurement after 10 Mrad irradiation.
The degradation of the retention characteristic is mainly attributed to the irradiation-induced charges in the gate dielectric stack, which could lead to local charges compensation in ferroelectric thin film and gradually diminish the polarization, while depolarization field induced by imperfect screening shows the opposite direction to the ferroelectric spontaneous polarization and causes polarization loss via back-switching behavior. [21] [22] [23] [24] Equation (1) gives the depolarization field E d as a function of the oxide trapped charges (Q ot ) and positive interface charges (Q it ) in the ferroelectric thin film. Where P stands for the ferroelectric polarization, Q s (u) is the silicon surface charge:
Fig . 5 gives the effect of different dose levels on the memory window and on/off ratio of the FeFETs for a further investigation. All the data are the average of ten samples, and the error bars show one standard deviation. Obviously, as shown in Fig. 5 , both the memory window and on/off ratio decrease when the irradiation dose increases. These decreases become significant when the radiation dose is larger than 200 krad. These results indicate that the stability and reliability of FeFETs for nonvolatile memory applications will become uncontrollable under strong irradiation dose and/or long irradiation time.
III. SIMULATION RESULTS AND DISCUSSION
In order to give a more sufficient physics explanation for the irradiation-induced degradations, we added some TCAD simulations of FeFET and its total ionizing dose effect. The description of the 3D architecture considered in the simulation and the definition of their main geometrical parameters are presented in Fig. 6 . The device structure and parameters are based on the fabricated device. All the simulations are performed with the ATLAS device simulator from Silvaco International, Inc. The set of physical models used in the simulation include Shockley-Read-Hall and Auger recombination as well as the Lombardi's mobility model accounting for doping, parallel and transverse electric field mobility dependencies. The physical model of FeFET is Miller's model; 25 the total ionizing dose irradiation effect is equivalent to the oxide trapped charges (Q ot ) and positive interface charges (Q it ), and we do not consider the degradation in remnant polarization in the simulation. Q ot and Q it can be calculated by using the following equation:
where C stack is the total capacitance of the ferroelectric thin film and the HfTaO layer, DV FB and DV MG are the shift value of flat-band voltage and mid-gap voltage after irradiation, respectively. From the C-V curve in Fig. 2 Fig. 7 is the transfer characteristic of the simulated MFIS FeFET with different densities of DN ot and DN it . From Fig. 7 , we can clearly see the threshold voltage is greatly affected by the density of DN ot and DN it, the negative shift in the transfer characteristic curves are obvious. Additionally, the memory window also decreases when the density of DN ot and DN it increase , and the on-state saturation current decreases slightly. Fig. 8 illustrates the silicon surface potential (V Si , with V ds ¼ 0 V) as a function of gate voltage of the simulated MFIS FeFET. Due to the irradiation-induced charges could screen the applied gate voltage partly, the curve of surface potential shifts left significantly when the density of DN ot and DN it increase to 10 12 cm
À2
. It is noteworthy that the shift phenomenon in I ds À V gs and V Si À V gs curves almost have no changes when we change the simulation parameters W/L, remnant polarization and coercive field of FeFET, these results indicate that the irradiation-induced shifts in FeFET are directly controlled by the density of irradiation-induced charges. Fig. 9 is the output characteristic of the simulated MFIS FeFET when the polarization direction is away from the silicon surface (on-state). Due to the simulated memory window shifts left after introducing the irradiation-induced charges, we can clearly see that the output current decreases significantly when V gs ¼ V read or V gs is in close proximity to V read .
IV. CONCLUSIONS
In this paper, the gamma irradiation effects in the fabricated Pt/SBT/HfTaO/Si MFIS FeFETs were studied. Irradiation-induced degradation on electrical characteristics of the fabricated FeFETs was observed after 1 week annealing at RT. The mechanisms contributing to the irradiation-induced degradation could be explained as a combination effect from the irradiation-buildup oxide trapped charges and interface charges. On one hand, oxide trapped charges and interface charges could contribute additional gate potential, which will cause the voltage shift. On the other hand, these charges could lead to local charge compensation in the ferroelectric thin film and gradually diminish the polarization. While depolarization field induced by imperfect screening shows the opposite direction to the ferroelectric spontaneous polarization and causes polarization loss via back-switching behavior, which is the main reason of retention time reduction. Therefore, further radiation-hardening for Pt/SBT/HfTaO/Si MFIS FeFET is still required if it is to be used as a memory device in harsh radiation environment.
